A six-dimensional ab initio potential energy surface (PES) for H 2 -N 2 O which explicitly includes the symmetric and asymmetric vibrational coordinates Q 1 and Q 3 of N 2 O is calculated at the coupledcluster singles and doubles with noniterative inclusion of connected triple level using an augmented correlation-consistent polarized-valence quadruple-zeta basis set together with midpoint bond functions. Four-dimensional intermolecular PESs are then obtained by fitting the vibrationally averaged interactions energies for υ 3 (N 2 O) = 0 and 1 to the Morse/long-range analytical form. In the fits, fixing the long-range parameters at theoretical values smoothes over the numerical noise in the ab initio points in the long-range region of the potential. Using the adiabatic hindered-rotor approximation, two-dimensional PESs for hydrogen-N 2 O complexes with different isotopomers of hydrogen are generated by averaging the 4D PES over the rotation of the hydrogen molecule within the complex. The band-origin shifts for the hydrogen-N 2 O dimers calculated using both the 4D PESs and the angle-averaged 2D PESs are all in good agreement with each other and with the available experimental observations. The predicted infrared transition frequencies for para-H 2 -N 2 O and ortho-D 2 -N 2 O are also consistent with the observed spectra. © 2013 AIP Publishing LLC.
I. INTRODUCTION
van der Waals (vdW) complexes containing the hydrogen molecule are of widespread interest due to the quantum behavior exhibited by different clusters of H 2 isotopomers doped with an infrared chromophore.
1- 12 The infrared spectra of five different dimer isotopologues, para-H 2 -, ortho-H 2 -, para-D 2 -, ortho-D 2 -, and HD-OCS were measured by Tang and McKellar in 2002. 5 Later, the infrared spectra of the two other hydrogenic vdW complexes, hydrogen-N 2 O and hydrogen-CO 2 were also investigated. 4, 7 The spectroscopies of these binary vdW complexes provide valuable information about the T-shaped region near the minima of the intermolecular potential energy surfaces (PESs). In addition, hydrogen clusters doped by small chromophore molecules have been studied extensively in order to obtain insight into the structure and dynamics of the micro-solvation environment of the dopant molecule. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Among reported spectroscopic studies of vdW complexes containing H 2 , Tang and McKellar found that the vibrational band origin of H 2 -N 2 O dimers is blueshifted, 4 while for the two similar complexes H 2 -CO 2 and H 2 -OCS, the vibrational band origins are slightly redshifted. 5, 7 To obtain insight regarding the reason for these differences, an elaborate fivedimensional PES of the H 2 -N 2 O dimer that explicitly incorporated the asymmetric stretch coordinate (Q 3 ) of N 2 O while the other internal modes were fixed at their equilibrium vala) Authors to whom correspondence should be addressed. Electronic addresses: dqxie@nju.edu.cn; leroy@uwaterloo.ca; and pnroy@ uwaterloo.ca ues was constructed by Zhou et al. 9 Based on this PES, the observed blueshift of the vibrational band origin of the para-H 2 -N 2 O complex was reproduced, and the calculated transition frequencies and intensities were found to agree with the experiment observations well.
The experimental and theoretical studies of H 2 -N 2 O dimer stimulated further studies of (hydrogen) N -N 2 O clusters, and Tang and McKellar recorded a turnaround in the evolution of vibrational band-origin shift ν with increases in the size of (hydrogen) N -N 2 O clusters. 24 This behavior is distinctly different than the monotonic size dependence of the redshifts of the vibrational band origins of hydrogen clusters doped by OCS and CO 2 . 21, 27 In addition, the onset of superfluidity in (para-H 2 ) N clusters doped by N 2 O remains undetermined from their observations, while superfluidity has been convincingly demonstrated in (para-H 2 ) N -OCS and (para-H 2 ) N -CO 2 clusters. 26, 27 To provide a proper understanding of the dynamical behavior in (hydrogen) N -N 2 O clusters, including the possible appearance of superfluidity, an accurate description of the dimer PES is essential. However, quantitative study of the distinctive evolution of ν of (hydrogen) N -N 2 O clusters is still a challenge because it requires an accurate description of the effect of the asymmetric stretch of the doped N 2 O molecule on the H 2 -N 2 O PES. Furthermore, taking full account of the rotational degree of freedom of H 2 included in previously obtained PESs for hydrogen-N 2 O would dramatically increase the computational cost of cluster simulations. Thus providing an accurate reduced-dimensional treatment of the orientations of H 2 is very desirable. J. Chem. Phys. 139, 034312 (2013) Recently, it has been suggested by our research on He-N 2 O that the neglect of the effect of the symmetric stretch coordinates (Q 1 ) of N 2 O was responsible for a failure to precisely describe the effect of the asymmetric stretch of N 2 O, due to the strong coupling of these two modes of the nonsymmetric N 2 O molecule. 28 In this work, a six-dimensional (6D) PES for H 2 -N 2 O has been calculated which explicitly incorporates both the symmetric and asymmetric stretch coordinates of the N 2 O monomer. The four-dimensional anisotropic analytical Morse/long-range (MLR) function introduced by Le Roy and co-workers 12, 29, 30 was then used to fit to the sets of four-dimensional grid points obtained by vibrationally averaging over those ab initio points. In addition, the fact that the theoretically known inverse-power longrange behavior was incorporated in the MLR form smoothes over the noise which arises in the ab initio results when the interaction energies are small. Afterwards, effective twodimensional PESs for different isotopomers of hydrogen were obtained by averaging the 4D PES over the rotation of hydrogen using the adiabatic hindered-rotor (AHR) treatment. 31, 32 This paper is organized as follows. Section II presents a brief description of the construction of the analytical H 2 -N 2 O dimer potentials, as well as of the adiabatic hinderedrotor treatment of the rotation of the hydrogen molecule. Section III shows the features of our obtained 4D and angleaveraged 2D surfaces, together with predictions of the infrared spectra for the H 2 -N 2 O dimers based on these surfaces. A brief summary is given in Sec. IV.
II. COMPUTATIONAL DETAILS

A. Ab initio calculations
Our 6D PES was calculated in terms of the six coordinates (R, θ 1 , θ 2 , φ, r NN ,r NO ), as shown in Fig. 1 . R is the distance from the center of the mass of N 2 O to the center of mass of H 2 . The angle between the vector R and the axis of the N 2 O (H 2 ) molecule is defined as θ 1 (θ 2 ) with θ 1 = 0 corresponding to the linear configuration with the N atom facing the center of the mass of H 2 . The angle φ is the dihedral angle between the two half planes formed by the R vector with the axes of the coordinates Q 1 and Q 3 . 28 In all of these calculations, the bond length of the H 2 molecule was fixed at its averaged value for the ground state, r H 2 = 0.7666393 Å. 33 A total of 25 two-dimensional (r NO , r NN ) grid points were chosen for the N 2 O stretching coordinates. A total of 2188 symmetry-unique H 2 -N 2 O dimer geometries (R, θ 1 , θ 2 , φ) were selected for which R ranges from 2.4 to 8.0 Å at 13 radial distances, with more points at the well region. Values of the angular coordinates θ 1 and θ 2 ranged from 0
• to 180
• with step sizes of 15
• and 30
• , respectively, and those of the dihedral angle φ ranged from 0
• to 90
• at an interval of 30
• . The ab initio calculations were carried out with the MOLPRO 34 package using single-and double-excitation coupled-cluster theory with a noniterative perturbation treatment of triple excitations [CCSD(T)]. 35 The basis set was taken as the augmented correlation-consistent polarized-valence quadruplezeta (aug-cc-pVQZ) basis set of Woon and Dunning 36 supplemented with an additional set of bond functions 37 (3s3p2d1f1g) (for 3s and 3p, α = 0.9, 0.3, 0.1; for 2d, α = 0.6, 0.2; and for f and g, α = 0.3) located at the midpoint of the intermolecular axis R. The supermolecular approach was used to produce the intermolecular potential V (R, θ 1 , θ 2 , φ, r NO , r NN ), which is defined as the difference between the total energy of the H 2 -N 2 O dimer and the sum of the energies of the H 2 and N 2 O monomers. The full counterpoise procedure was employed to correct the basis set superposition error (BSSE). 38 Our present work focused on the complexes formed from N 2 O in its ground (υ 3 = 0) and first excited (υ 3 = 1) asymmetric stretch states. Thus at each of the 2188 dimer geometries, our original 6D PES V (R, θ 1 , θ 2 , φ, r NO , r NN ) was averaged over the N 2 O monomer stretching coordinates r NO and r NN , weighted by the corresponding vibrational wave functions of the N 2 O monomer, to generate a 4D intermolecular dimer PES V υ 3 (R, θ 1 , θ 2 , φ), in which D e (θ 1 , θ 2 , φ) is the well depth and R e ≡ R e (θ 1 , θ 2 , φ) is the position of the minimum on a radial cut through the potential at the angles {θ 1 , θ 2 , φ}. u LR (R, θ 1 , θ 2 , φ) is a function defining the (attractive) limiting long-range behavior of the effective 1D potential along that cut as
Due to the anisotropy of the N 2 O molecule and the nature of the H 2 molecule, the appropriate functional form for u LR (R,
in which the long-range parametersC n (θ 1 , θ 2 , φ) have been vibrationally averaged over the asymmetric-stretch coordinates Q 3 of N 2 O. In the denominator of Eq. (2), the u LR (R e , θ 1 , θ 2 , φ) factor is the same function evaluated at R = R e (θ 1 , θ 2 , φ). The choice of long-range coefficients in Eq. (4) is discussed in detail in Subsection II C. The radial factor in the exponent in Eq. (2) is the dimensionless quantity and expressed as
where p is a natural number which must be greater than the difference between the largest and the smallest (inverse) powers in Eq. (4), p > 4. 41 The exponent coefficient function β(R, θ 1 , θ 2 , φ) is a slowly varying function of R, which is written as the constrained polynomial,
The limiting long-range behavior of β(R, θ 1 , θ 2 , φ) implied by the definition of y p (R, θ 1 , θ 2 , φ) and the algebraic structure of Eqs. (2) and (6) is
It has recently been shown that the use of a separate smaller power q < p to define the radial variable in the power-series portion of Eq. (6) could lead to more compact potential functions. 42 In the potential function model used in the present work, these integers are set as p = 5 and q = 3, and the expansion length of β i is N β = 4.
The parameters D e (θ 1 , θ 2 , φ), R e (θ 1 , θ 2 , φ), and β i (θ 1 , θ 2 , φ) are all expanded in the form
in which F = D e , R e , or β i . l is the label associated with the vector sum of l 1 and l 2 with the range of values |l 1 − l 2 | ≤ l ≤ |l 1 + l 2 |, and the three indices satisfy the restrictions that both l 2 and l 1 + l 2 + l must be even. The angular basis functions are defined as (9) where φ = φ 1 − φ 2 . The symbol in the large brackets is the Wigner 3-j symbol, 43 while Y lm (θ i , ϕ i ) are the normalized spherical harmonic functions, 3 and l < ≡ min (l 1 , l 2 ).
C. Determination of the long-range parameters
The existence of permanent dipole and quadrupole moments of N 2 O and the permanent quadrupole moment of H 2 implies that the two leading terms in Eq. (4) correspond to electrostatic interaction, whose (vibrationally averaged) parameters may be represented as
in which¯ H 2 is the vibrationally averaged quadrupole moments of the ground-state H 2 , 44 andμ
N 2 O are the υ 3 -dependent dipole and quadrupole moments of N 2 O which were obtained by averaging over the Q 3 -dependence of the dipole and quadrupole moments calculated by ACES II at the AVQZ/CCSD(T) level. 45 The vibrationally averaged leading dispersion coefficientsC 6 (θ 1 , θ 2 , φ) may be expanded as
For the υ 3 = 0 state of N 2 O, an experimental value of the leading coefficient C 000 6 reported by Margoliash and Meath 46 was used, while for the υ 3 = 1 state, this term was scaled by the vibrationally averaged isotropic average polarizability of
The angular coefficientC 202 6 in Eq. (12) was estimated using the vibrationally averaged values of the spherical average polarizabilityᾱ N 2 O and of the polarizability anisotropy
whileC 022 6 was obtained fromC 000 6 and the ratio α H 2 /3ᾱ H 2 , C 022,υ 3 6 =C 000,υ 3 6
Since the octupole moment of H 2 is zero, the C 7 coefficients for N 2 O-H 2 were estimated based on those for N 2 OHe, 28 , 47
In addition, the higher order termC (202) , and
Besides, studies of previously reported analogous van der Waals interactions showed that the contribution of dispersion terms for which neither l 1 nor l 2 is zero is only 2%-7% of the total long-range interactions; 12 thus it is safe to omit the terms for which both l 1 and l 2 are nonzero in our present work. As in our previous studies of N 2 O-He, due to the small value of dipole moment of the N 2 O molecule, 0.0633 a.u., the induction interaction between H 2 and N 2 O is negligibly small.
28
D. Least-square fits
Realistic initial trial values of the fitting parameters are important to commence any nonlinear least-square fit, and in the present work they were obtained as follows. At first, for all distinct angular combinations {θ 1 , θ 2 , φ}, a fit to the ordinary 1D MLR form (depending only on R) was performed using program betaFIT 48 to extract the angular-dependent parameters D e (θ 1 , θ 2 , φ), R e (θ 1 , θ 2 , φ), and β i (θ 1 , θ 2 , φ). The resulting parameter values were then fitted to Eq. (8) , and the resulting values of F l 1 l 2 l were used as starting parameters in the global 4D-MLR fit to Eq. (2).
In the 4D-MLR fits, the vibrationally averaged ab initio energies were weighted by uncertainties assigned as u i = 0.1 cm −1 for the attractive region where V (R, θ 1 , θ 2 , φ) ≤ 0.0 cm −1 , and as u i = [V (R, θ 1 , θ 2 , φ) + 1.0]/10.0 for the repulsive wall region. Parameters with very large uncertainties were rounded to zero and held fixed then in the fitting process. Finally, 255 parameters were used to fit the 2188 vibrationally averaged points, yielding a root mean square residual discrepancy of 0.163 cm −1 and 0.133 cm −1 for υ 3 = 0 and 1 for points with energy lower than 1000 cm −1 . Almost one third (79/255) of these fitting parameters were used to define D e (θ 1 , θ 2 , φ), one quarter (64/255) were required to define R e (θ 1 , θ 2 , φ), and 42, 30, 17, 16, 7 to define β i (θ 1 , θ 2 , φ) for i = 0-4, respectively. The resulting set of fitted potential parameters and a FORTRAN subroutine for generating these potentials may be obtained from the supplementary material. 
witĥ 31 , 32 a Born-Oppenheimer type separation of H 2 -rotation from the other motions could be performed to generate an effective potential depending only on the two polar coordinates R and θ 1 which determine the position of a point-like para-H 2 relative to the N 2 O. In this "adiabatic hindered-rotor" treatment, a para-H 2 located at any (R, θ 1 ) position relative to the N 2 O molecule is treated as a hindered rotor subject to the two-dimensional angular potential V υ 3 (θ 2 , φ; R, θ 1 ), which is parametrically dependent on R and θ 1 . For any particular (R, θ 1 ) configuration, the 2D angular Schrödinger equation could be solved
using a basis set of spherical harmonic functions,
The lowest eigenvalues of Eq. (20) then define a 2D effective hindered-rotor PES,
and the Hamiltonian operator for H 2 -N 2 O dimer is reduced to the same form as that for N 2 O interacting with a rare gas atom, 52 H rel =−¯2 2μ
In the present work, the two species of hydrogen-N 2 O complexes formed by an isolated ground-state (j H 2 (D 2 ) = 0) para-H 2 and ortho-D 2 were investigated. In addition, while the AHR approximation mentioned above was originally applied for j H 2 (D 2 ) = 0 species, 31, 32 we also attempt to treat the hydrogen-N 2 O complexes formed by first excited-state (j H 2 (D 2 ) = 1) ortho-H 2 and para-D 2 using this approximation, and it is found that it also gives very accurate predictions for the observed vibrational band-origin shift of the ortho-H 2 -N 2 O and para-D 2 -N 2 O dimers.
In the angle-averaging process, 16-point Gaussian quadratures were used for integration over both θ 2 and φ. Because of symmetry, three even spherical harmonic functions corresponding to L = 0, 2, and 4 were used to define (θ 2 , φ) for para-H 2 and the four even-order functions with L = 0-6(2) were used for those involving ortho-D 2 , while for both ortho-H 2 and para-D 2 , the spherical harmonic functions corresponding to L = 1-5(2) were used. 31 The diatom vibration-rotation energies reported by Wei et al. 53 were used for the kinetic energies B H 2ĵ 2 H 2 (D 2 ) (θ 2 , φ) in Eq. (19) . Each of the 2D angle-averaged potentials for the para- 
When fitting the angle-averaged 2D grids to the 2D MLR analytical form, it is important to take into account the fact that the potential asymptotic will correspond to the rotational en- 
III. RESULTS AND DISCUSSION
A. Features of the four-dimensional H 2 -N 2 O potential energy surface Fig. 3(a) shows the dependence of the well depth on θ 1 and θ 2 obtained by our vibrationally averaged 4D PES for H 2 -N 2 O (υ 3 = 0) and Fig. 3(b) illustrates the dependence of the radial minimum potential energy on θ 1 and θ 2 . In each case the dihedral angle φ is optimized for each (θ 1 , θ 2 ), and the dotted curves in Fig. 3 indicate configurations at which the optimized value of φ switches abruptly between 0
• and 90
• , which is similar to the case of H 2 -CO 2 .
12 Compared with Fig. 3(b) , the more complicated structure in Fig. 3(a) shows why 25% more parameters are required to represent D e (θ 1 , θ 2 , φ) than R e (θ 1 , θ 2 , φ). The global minimum occurs at a well • , R = 2.923 Å, and φ = 0 • . Fig. 3 (a) also show that, in the (θ 1 , θ 2 ) domain, two equivalent local minima exist at collinear geometry with R = 4.55 Å, θ 1 = 0
• , and θ 2 = 0
• and 180
• . One can see from Fig. 3(a) that the global minimum region is rather narrow in the angle θ 1 , while it is much broader along the θ 2 coordinate.
To further study the angle-dependence of 4D PES around well depth, a contour plot of the potential energy surface as a function of (θ 1 , θ 2 ) at R = 2.923 Å and φ = 0
• is shown in Fig. 4(a) . Again it indicates that the global minimum region is very narrow in the direction of the θ 1 coordinate and much broader along the θ 2 coordinate. Fig. 4(b) shows a contour plot of the potential energy surface as a function of (θ 2 , φ) at R = 2.923 Å and θ 1 = 93.24
• . It shows that the potential energy varies weakly along θ 2 and φ coordinates, and that it becomes flat as the angle θ 2 approaches to 0
• or 180
• .
B. Shapes of angle-averaged 2D potential energy surfaces
Contour plots of angle-averaged 2D PES for para-H 2 -N 2 O at the ground state υ 3 = 0 of N 2 O are presented in Table I . For all species, the well depth for the vibrational ground state of N 2 O is slightly larger than that for the excited state. Besides, one can see from 
where T rot is the diatom rotational energy of rotational state j rier implies that the linear minimum is not able to trap the H 2 molecule very well, which may result in a delocalized angular distribution.
C. Band-origin shifts and infrared transitions
Vibrational band-origin shifts ν for para-H 2 -, ortho-H 2 -, para-D 2 -, and ortho-D 2 -N 2 O complexes calculated using the present 4D MLR and AHR angle-averaged 2D MLR PESs are presented in Table II , together with experimental observations 4 and previous theoretical results. 9 The ν values were evaluated using the radial discrete variable representation (DVR) and angular finite basis representation (FBR) methods 9, 10, 12, 54 and Lanczos algorithm. 55 For all four species of hydrogen, the band-origin shifts predicted by 4D MLR PESs result in reasonably good agreement with experimental observations. Compared with the experimental values, the relative discrepancies of the calculated ν obtained by 4D MLR PES are 8.0%, 3.5%, 1.3%, and 5.7% for para-H 2 -, ortho-H 2 -, para-D 2 -, and ortho-D 2 -N 2 O complexes, respectively. Compared with current results, the ν value yielded by the previous 5D surfaces is in better agreement with the experimental observation for para-H 2 -N 2 O, but provided poorer prediction for the other three species. This discrepancy likely reflects the smaller basis set used in those previous 5D ab initio calculation and the neglect of the Q 1 stretching coordinates of N 2 O.
The close agreement between ν of para-H 2 -and ortho-D 2 -N 2 O obtained using the full-4D PES and the angleaveraged 2D PES confirms the accuracy of the adiabatichindered-rotor approximation for the hydrogen-N 2 O complexes formed by an isolated ground-state (j H 2 (D 2 ) = 0) hydrogen. Interestingly, we also find that for ortho-H 2 and para-D 2 with j H 2 (D 2 ) = 1, the angle-averaged 2D PESs obtained using adiabatic-hindered-rotor approximation also provide accurate predictions of the vibrational band-origin shift of the hydrogen-N 2 O dimer, that agree with the values obtained using the full-4D PES very well. This surprisingly good agreement could be explained by the fact that while it is triplet for j H 2 (D 2 ) = 1, the lowest three eigenvalues obtained by Eq. (20) are mostly well separated, and intersect one another only in the repulsive regions of energy higher than 300 cm −1 . Furthermore, the rotational motion of hydrogen is found to be well uncoupled from the motions associated with the other intermolecular degrees of freedom near the T-shaped region. The value of ν for the hydrogen-N 2 O dimer is mainly determined by the potential difference V
hind (R, θ 1 ) in the region around the T-shaped region near the minimum of the intermolecular potential energy surface. Therefore, the angle-averaged 2D PESs could provide direct explanation of the different ν values for the four isotopic species. As shown in Table II , the potential difference at the global minimum V min of 2D PES of para-D 2 -N 2 O is the largest among the four species, and thus the ν value for the para-D 2 -N 2 O complex is larger than those for the other three species. The lowest value of V min at the global minimum of the 2D PES of para-H 2 -N 2 O is also corresponding to the smallest ν of the four species.
Finally, in order to compare with the observed infrared spectra, the frequencies in the υ 3 band of N 2 O were calculated. In particular, the rovibrational energies of the hydrogen-N 2 O complex were calculated for J from 0 to 3 and υ 3 = 0 and 1 for the vdW ground vibrational state. A portion of the resulted transition frequencies obtained using an angle-averaged 2D AHR PESs for para-H 2 -N 2 O and ortho-D 2 -N 2 O are listed in Table III together with the observed frequencies. One can see that the calculated spectra reproduce the observed frequencies very well, which further demonstrates the high quality of our new hydrogen-N 2 O PESs.
IV. CONCLUSION
We report a six-dimensional potential energy surface for H 2 -N 2 O, which explicitly includes both the symmetric and asymmetric vibrational coordinates of N 2 O. The ab initio interaction energies were calculated at the CCSD(T) level with a large aug-cc-PVQZ basis set including bond functions located at the midpoint of the intermolecular axis. The vibrationally averaged potential energies were then fitted to a 4D generalization of the Morse/long-range analytical form with theoretically fixed long-range inverse-power behavior, which is essential for providing a good description of an N 2 O molecule doped in medium to large sized hydrogen clusters. The adiabatic hindered-rotor approximation was then used to average over H 2 orientations to obtain effective two-dimension potential energy surface for para-H 2 -, ortho-H 2 -, para-D 2 -, and ortho-D 2 -N 2 O complexes. The AHR 2D-MLR potential energy function values for the four species were then fitted to generate a 2D PES for each. The vibrational band-origin shifts for the hydrogen-N 2 O dimer formed by the para-H 2 and ortho-D 2 calculated from the 4D and angle-averaged 2D surfaces are all consistent with the experimental observations, which validates the precision of our 4D PES and the accuracy of the adiabatic hindered-rotor approximation for j H 2 (D 2 ) = 0 species. Interestingly, we have found that when the AHR approximation developed for j H 2 (D 2 ) = 0 species is applied to ortho-H 2 and para-D 2 with j H 2 (D 2 ) = 1, the resulting angle-averaged 2D PES could also provide accurate prediction of the vibrational band-origin shift of hydrogen (j = 1)-N 2 O dimer. Furthermore, the calculated infrared spectra are also in good agreement with the observed spectra. This angle-averaged AHR 2D surface will be used to stimulate the doped H 2 clusters in the near future.
